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We measured the electronic structure of an iron arsenic parent compound LaFeAsO using angle re- 
solved photoemission spectroscopy (ARPES). By comparing with a full-potential Linear Augmented 
Plane Wave calculation we show that the extra large F hole pocket measured via ARPES comes from 
electronic structure at the sample surface. Based on this we discuss the strong polarization depen- 
dence of the band structure and a temperature-dependent hole- like band around the M point. The 
two phenomena give additional evidences for the existence of the surface-driven electronic structure. 

PACS numbers: 74.25. Jb, 74.70.Dd, 79.60.Bm 



I. INTRODUCTION 

The discovery of superconductivity in the iron arsenic 
i?FeAsOi_^F^ famil}ttJ (the "1111" family, R being the 
rare earth elements) has triggered enormous scientific ac- 
tivity within the last two years. The transition tempera- 
ture Tc in these materials well exceeds the theoretical 
maximum predicted by the Bardeen-Cooper-Schrieffer 
theory. Though several other families of iron pnictide 
superconductors (e.g. the carrier-doped AFe2As2 or the 
"122" family, A being Ba, Sr, Ca, Rh) were discovered 
after the initial work,^ ^ the 1111 family still holds the 
record for the highest Tc of 55 K.^ There has been an on- 
going debate as to the origin of superconductivity in the 
iron pnictides as well as their relation to the traditional 
copper oxide high- Tc superconductors. Recently Yan et 
al. reported the successful growth of millimeter-sized 
LaFeAsO single crystals at ambient pressure.^ This tech- 
nical breakthrough brings experimental studies of these 
fascinating materials to a new height. 

Although angle resolved photoemission spectroscopy 
(ARPES) has proven to be a useful experimental method 
in the field of the pnictides,'^^^ one major obstacle has 
hindered an extensive survey of the 1111 systems. Appar- 
ently the Fermi surface (FS) measured by ARPES is in- 
consistent with the theoretical predictions and other ex- 
perimental probes of the bulk electronic structure. More 
specifically, theoretical calculations and quantum oscilla- 
tion measurements^^ suggest similar sizes of the F hole 
pockets and the M electron pockets at the FS, while 
ARPES shows an extra large circular hole pocket around 
the zone center F, which covers almost 40% of the Bril- 
louin zone intersection size.'^ Base on the fact that 
ARPES can probe only the first layers of the crystal, 
many authors believe that the extra hole pocket comes 
from surface-driven electronic structure, i.e. an atomic 
reorganization and/or lattice relaxation at the sample 
surface. ^^^^"*^^ * The answer to this question is a prereq- 
uisite for any further ARPES investigation of the 1111 



system. 

The first propose for this paper is to verify the ob- 
servation of a surface-driven electronic structure in the 
1111 parent compound LaFeAsO. By comparing with an 
electronic structure calculation for the surface layers, we 
show that indeed the extra F hole pocket comes from a 
surface FeAs or LaO layer. Despite this, the observation 
does not exclude the possibility that electronic structure 
from the bulk crystal is also present in the same ARPES 
map. Furthermore, it is likely that such a surface-driven 
hole pocket may store the superconducting information of 
the bulk crystal via the proximity effect, resulting in e.g. 
the observation of an 5-wave-like superconducting gap 
by Kondo et al^^ Keeping this in mind, we discuss the 
strong polarization dependence of the band structure and 
an unusual temperature-dependent hole-like band around 
the M point. 



II. EXPERIMENTAL 

Millimeter-sized single crystals of LaFeAsO were grown 
out of a NaAs flux using conventional high-temperature 
solution growth techniques.!^ As-grown crystals have typ- 
ical dimensions of 3 x 4 x 0.05 ~ 0.3 mm^ with the crystal- 
lographic c-axis perpendicular to the plane of the plate- 
like single crystals. The characteristic temperatures for 
the separated structural and magnetic transitions are 
Ts - 154 K and T* - 140 K, respectively. The ARPES 
measurements were performed at beamline 10.0.1 of the 
Advanced Light Source (ALS), Berkeley, California us- 
ing a Scienta R4000 electron analyzer, as well as a 
laboratory-based ARPES system consisting of a Scienta 
SES2002 electron analyzer, GammaData® UV lamp and 
custom designed refocusing optics at Ames Laboratory. 
Vacuum conditions were better than 3 x 10~^^ torr. The 
energy resolution was set at ~ 15 meV for measurements 
at the ALS, and ~ 9 meV for measurements at Ames Lab- 
oratory. All samples were cleaved in situ yielding mirror- 
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FIG. 1: (color online) (a) ARPES Fermi surface maps of 
LaFeAsO, integrated within zb 10 meV with respect to the 
chemical potential. Bright areas indicate high intensity. Data 
is taken with a polarized monochromatic synchrotron beam 
at T = 10 K. Incident photon energies are indicated at the 
top of each panel. Inset of the 45 eV panel shows the labeling 
of the high symmetry points. Note that Mi and M2 represent 
two zone corners showing different band structures due to dif- 
ferent polarization arrangements, (b) kz dispersion maps of 
LaFeAsO taken with incident photon energies 30 < hu < 70 
eV for the F-Mi (left) and F-F (right) directions respectively. 
The inner potential is 20 eV. Locations of each Fermi crossing 
band are indicated by their symbols and orange arrows. Red 
arrows show the locations of the four maps in Fig. 1(a). 



like, clean a-b surfaces. Cleaved surfaces of all samples 
are stable for at least 24 hours for a given temperature. 
High symmetry points Mi and M2 are defined to be (vr/a, 
7r/a(6), 0) and (vr/a, — 7r/a(6), 0), respectively/^ with the 
kx and ky axes along the Fe-As bonds. 



III. RESULTS AND DISCUSSION 

Fig. 1(a) shows the ARPES FS maps of LaFeAsO 
taken with a linearly polarized synchrotron beam for four 
different incident photon energies (probing at four differ- 
ent kz momenta^. More than half of the first Bril- 



FIG. 2: (color online) Results of the full-potential Linear Aug- 
mented Plane Wave calculation for the surface-driven elec- 
tronic state of NdFeAsO. The results of LaFeAsO will be es- 
sentially the same (see discussion in the text), (a) Calcula- 
tional setup of the crystal lattice. The red, yellow, lilac and 
purple spheres represent the Fe, As, Nd and O atoms, respec- 
tively. Labels such as Fel and Nd2 indicate atoms at different 
locations. The 12 a.u. distance between Nd2 and Fe4 layers is 
added manually to imitate the existence of the crystal surface, 
(b) Calculation result of the three dimensional Fermi surface 
for the crystal in (a), (c) Fermi surface sheets generated from 
different atomic layers. 



louin zone is covered. The data in Fig. 1(a) is consis- 
tent with previous ARPES studies on LaFePO, LaFeAsO, 
CeFeAsO and NdFeAsOo.gFo.i single crystals.^^*^ The 
most apparent difference between the ARPES data on 
these 1111 systems and that on the 122 systems is a ul- 
tra large Fermi pocket around F, which is denoted as as 
throughout the paper. Subsequent band structure anal- 
ysis [Fig. 3(a)] shows that this pocket is hole-like. This 
pocket is not expected from theoretical calculations^ and 
experimental results for the bulk electronic struct ure.'^^ 
Recall that the electron escape depth for ARPES exper- 
iments are of the order of only a few angstroms (com- 
parable with the lattice constant c), ARPES is essen- 
tially a surface probe.^ It is thus reasonable to spec- 
ulate that the existence of the as pocket is a result of 
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a surface-driven electronic structure. The dispersion 
maps in Fig. 1(b) give further evidence for this spec- 
ulation. It can be easily seen from Fig. 1(b) that the 
detected electronic structure, including the 0^3 pocket, is 
essentially two dimensional along both F-F and F-M di- 
rections. This observation is in sharp contrast with the 
three-dimensional electronic structure observed in 122 
compounds, while consistent with the two dimen- 
sional nature of the sample surface layer. 

In Fig. 2 we present the results of a model theoretical 
calculation to verify the existence of the surface-driven 
electronic structure. It should be noted here that al- 
though this calculation is performed for NdFeAsO, the 
results for FaFeAsO will be essentially the same (see also 
Ref.'I^, since the 4/ electrons of the Nd atoms were 
treated as core electrons, the valence electrons of the 
Nd atoms are the same as those of the Fa atoms. In 
this calculation we use a full-potential Finear Augmented 
Plane Wave (FPFAPW) method^^ with a local density 
functional.!^ The structural data was taken from a re- 
ported experimental result. The presence of the crystal 
surface is imitated by constructing a supercell with four 
NdO and FeAs layers, and a 12 a.u. vacuum located be- 
tween the Nd2 and Fe4 layer [Fig. 2(a)]. To obtain the 
self-consistent charge density, we chose 28 /c-points in the 
irreducible Brillouin zone, and set Rut x ^max to 7.5, 
where Rut is the smallest muffin-tin radius and /cmax is 
the plane- wave cutoff. We use the muffin- tin radii of 2.4, 
2.1, 2.1 and 1.6 a.u. for Nd, Fe, As and O respectively. In 
this calculation, the atoms near the surface (Ndl-0-Nd2, 
As-Fe4-As) were relaxed along the z-direction until the 
forces exerted on the atoms were less than 2.0 mRy/a.u. 
With this optimized structure, we obtained a self consis- 
tency with 0.01 mRy/cell total energy convergence. After 
that, the three dimensional Fermi surface calculation was 
performed with 420 /c-points in the irreducible Brillouin 
zone [Fig. 2(b)]. 1^ For the two dimensional electronic 
structure, we chose = 0.5 (the k^-ky plane that crosses 
the F point) and divided the Brillouin zone (—0.5 < kx^ 
ky < 0.5) into a 51 x 51 mesh that resulted in 2601 k- 
points [Figs. 2(c) and 2(d)]. 

From Figs. 2(b)-(d), one essential statement must 
be pointed out: The surface layer of NdFeAsO (and 
FaFeAsO), regardless of its elemental nature (NdO/FaO 
or FeAs), will generate an extra large hole pocket at the 
Fermi surface, and this large hole pocket can only be 
generated at the surface layer of the Nd/FaFeAsO crys- 
tal. In contrast, even though it is just the second layer 
from the surface, the Fel layer generates two F pock- 
ets which are even smaller than the M pockets from the 
same layer. Similar sizes of the F and M pockets are 
seen only from the Fe2 and Fe3 layers, which are farther 
away from the surface and can thus be considered "bulk" 
states. Assuming the validity of the rigid band shifting 
scheme, this effect can be explained by the transfer of 
charge near the surface: electrons are retrieving from the 
surface layer (Fe4 or Nd2) to the adjacent layer (Fel), 
leaving the opposite sign of the electron-hole imbalance 
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FIG. 3: (color online) Band structure analysis for the 45 eV 
data in Fig. 1. (a) Measured band structure for two diag- 
onal cuts F-Mi and V-M2. Strong polarization dependence 
on the electronic structure in both the F and M pockets are 
clearly visible, (b) Constant energy maps for binding energies 
= 0, 30 and 60 meV in the vicinity of Mi and M2 points. 
Binding energies are indicated to the top of each column. 
Cut#l and #2 indicate the locations of the band structure 
maps in panel (c). 



for these two layers. 

Another interesting observation of Fig. 1 is the strong 
polarization dependence of the M electron pockets. As 
seen from Fig. 1(a), the two M-points Mi and M2 which 
are 90° away in the /c- space show fundamentally different 
electronic structures. Fig. 3 shows their detailed band 
structure analysis. Clearly the Mi point is surrounded 
by four petal-like intensity peaks at the chemical poten- 
tial. The ones along the /c(iio) direction [Cut#a in Fig. 
3(c)] are much more pronounced in intensity, and they 
are indeed hole-like bands, the top of which located at 
'^20meV below the chemical potential. We denote this 
band as /3h [Fig. 4(a)]. The intensity peaks along the 
^(1,-1,0) direction are actually part of an elliptical elec- 
tron pocket. On the other hand, the bands around the 
M2 point manifest themselves as two crossed elliptical 
electron pockets [Cut#b in Fig. 3(c)]. We denote them 
as /3ei and /3e2 [Fig. 4(a)]. We speculate that one of these 
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FIG. 4: (color online) (a) Notations of the Fermi pockets 
and bands of LaFeAsO measured by ARPES. The existence 
of these pockets/bands is proved by the data from the syn- 
chrotron (Fig. 1 and 3). The three hole pockets around F 
are labeled as ai, cx2 and as; /^ei (/^e2) is the M electron 
pocket with the long axis along (perpendicular to) the F-M 
direction; /3h represents the intensity from a hole-like band 
located right below the chemical potential \i at the vicinity of 
M. (b) ARPES intensity map at /x measured with a helium 
lamp (hv — 21.2 eV), along with locations of the ARPES 
band structure cuts shown in Figs. 5-7. The direction of 
these cuts is defined as kn. 



electron pockets - the one whose long axis is perpendic- 
ular to the F-M2 direction, /3e2 - is the same pocket as 
the one observed around M\. The only way to explain 
this unusual behavior is that these M-pockets are highly 
sensitive to the polarization of the incoming beam. In 
fact such phenomena are ob served and discussed in de- 
tail in the 122 systems.l^^ In Fig. 1 and Fig. 3 in this 
paper, the electric field vector of the incoming light is 
polarized along the /c(iio) direction. The entrance slit 
of the electron analyzer is perpendicular to the mirror 
plane defined by the incident beam and the sample sur- 
face normal. The fact that the /3ei and /3e2 pockets have 
different parity nature is consistent with tight-binding 
calculations.^^ 

We now move on to a detailed discussion of how these 
bands/pockets behave at the Fermi level. The high en- 
ergy resolution data is taken with a partially polarized 
helium lamp (hv = 21.2 eV). We begin this discussion 
with Fig. 5 where we analyze three k-E maps marked 
#1, #2 and #3 in Fig. 4(b). These maps are chosen 
so that all three F hole pockets ai, a2 and 0^3 are visi- 
ble. The main conclusion of this figure is that there is no 
gap opening at the F pockets. In the symmetrized en- 
ergy distribution curves (EDCs) at each Fermi crossing 
momenta, we see one single peak instead of two peaks 
separated by a valley. This is a typical indication of a 
vanishing gap. Linking this result with the findings by 
Kondo et al.,^^ we obtain an interesting picture for the 
low lying electronic excitations of this 1111 system. Re- 
sulted solely from the surface layer, the 0^3 pocket shows 
no gap in the undoped sample, while exhibits an s-wave- 
like gap as large as ~ 15 meV in the fluorine-doped su- 
perconducting sample. The coherent peak for this gap 
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FIG. 5: (color online) Detailed band structure analysis for 
the F hole pockets. Locations of the cuts #1, #2 and #3 
are indicated in Fig. 4(b). Top row: Momentum distribution 
curves (MDCs) integrated within ± 10 meV with respect to 
the chemical potential /i for the three cuts, /x is determined 
by fitting a Fermi function to the spectra of polycrystalline 
gold. The MDCs are fitted with several Lorenzians for ex- 
tracting the peak positions which are used to determine the 
Fermi crossing momenta (kps). Middle row: Band dispersion 
maps obtained by ARPES measurements at T = 12 K. The 
incident photon energy is 21.2 eV. Bottom row: Energy distri- 
bution curves (EDCs) for the corresponding maps in the mid- 
dle row. Each EDC is integrated within a momentum range 
of 0.01l7r/a and is symmetrized with respect to /i. EDCs cor- 
responding to the Fermi cross momenta of each pocket are 
marked by the same color used for Fig. 4(a). Insets show an 
expended region at the vicinity of the kps. 

vanishes right at To date we have no information 
on whether the surface layer of the 1111 crystal is su- 
perconducting itself, so a possible scenario is the proxim- 
ity effect. The proximity effect offers us the possibility 
that the superconducting properties of the bulk sample 
affects the surface. In that case the momentum depen- 
dence of the superconducting gap observed for the surface 
will be similar to that of the bulk crystal. For high- Tc 
cuprates, it is proposed that the proximity effect may 
result in "(i+5"-wave superconductivity at the metallic 
layer that is coated on the superconductor .^^^H^ This sce- 
nario is consistent with scanning tunneling spectroscopy 
(STS) results on polycrystalline 1111 samples where a 
reduced superconducting gap is observed at the sample 
surface. It is not understood why the gap size shown 
by ARPES is much bigger than by STS and other meth- 
ods. 

In Fig. 6 we discuss the temperature dependence of the 
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FIG. 6: (color online) Band structure analysis for the M hole 
band /3h at three different temperatures. Location of the cut 
#4 is indicated in Fig. 4(b). Top row: Band dispersion maps 
obtained by ARPES measurements at T = 12, 120 and 200 K. 
The incident photon energy is 21.2 eV. Vertical dashed lines 
indicate the location of the high symmetry point M. Bottom 
row: EDCs at the M point for the three temperatures. Data 
is integrated within a momentum range of O.Ollvr/a, sym- 
metrized with respect to /x, and normalized for high binding 
energies. 



/3h band. Cut#4 is located right through the M point 
where the binding energy is the lowest for this band. One 
can easily see from Fig. 6 that the peak location of the 
/3h band gradually shifts to higher binding energies with 
increasing temperature. At T = 12 K the maximum in- 
tensity is located at £^5 ~ 10 meV, whereas at T = 200 K 
it shifts to El) ~ 60 meV. The peak intensity decreases at 
the same time. Such changes are intrinsic, since multiple 
measurements are performed in multiple samples, and 
both increasing and decreasing the temperature during 
the measurement reveals the same behavior. As a re- 
minder, in the 122 systems the bands locate at the same 



binding energies until the magnetic transition tempera- 
ture is reached. Here the band location shifts 
even below the transition temperature (between 12 and 
120 K). This is not expected from the bulk properties - 
transport measurements unambiguously show a magnetic 
transition at 140 K. It is thus another evidence for the 
existence of a temperature-dependent surface layer. 



IV. CONCLUSIONS 

The main conclusion of this paper is that the surface- 
driven electronic structure plays an important role in 
the ARPES data of the iron arsenic 1111 systems. It 
is a fact that ARPES data on these systems shows 
more discrepancies rather than agreements with theoret- 
ical and experimental hulk properties. ARPES shows a 
temperature-dependent /3h band, and most significantly 
an extra large hole pocket around F. However, bulk cal- 
culations and experiments suggest a Fermi surface recon- 
struction associating with a well-defined magnetic transi- 
tion temperature, and similar sizes of F and M pockets. 
By comparison with a full-potential Linear Augmented 
Plane Wave calculation on the surface layers of the crys- 
tal, we confirm that at the very least the large F pocket 
is generated solely by the sample surface. The s- wave- 
like superconducting gap that exists in this pocket in the 
superconducting samples is most likely a result of the 
superconducting proximity effect. 
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